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Abstract. An asymmetric epoxidation of electron-deficient
enynes with environmentally benign aqueous hydrogen
peroxide as oxidant has been accomplished by developing a
chiral  N,N'-dioxide-Scandium(Ill) complex catalytic
system. In the presence of 0.5-2 mol% catalyst, a variety of
trisubstituted alkynyl oxiranes were obtained in high yields
(up to 97%) with excellent ee values (up to 99%).
Furthermore, control experiments provide a fundamental
insight into the reaction mechanism.

Keywords: asymmetric catalysis; epoxidation; electron-
deficient enynes; N,N'-dioxide; Scandium(l1)

Chiral epoxide compounds are versatile intermediates
and building blocks in organic synthesis. Since a
milestone achievement was obtained by Sharpless for
the asymmetric epoxidation of allylic alcohols in the
early 1980s,™ much progress has been made towards
these optically pure compounds.[? 3451 Chiral alkynyl
oxiranes, one type of them, are useful motifs in
numerous biologically active natural and unnatural
compounds.l®! They are also important synthetic
intermediates for a wide range of derivatives.[l Over
the past few years, many strategies have been devoted
to their synthesis.®! Among them, enantioselective
epoxidation of enynes provides a direct approach to
chiral alkynyl oxiranes. Shi applied their fructose-
derived ketones as catalysts to efficiently promote the
epoxidation of enynes with oxone as oxidant and give
the [products in good yields and ee values (Scheme
1a).P1 On the other hand, aqueous hydrogen peroxide
is probably the most competitive oxidant for its
advantage of cheapness, high atom efficiency and
generating water as the sole by-product. The
epoxidation of unfunctionalized enynes using H.O; as
oxidant catalyzed by chiral salen-metal catalysts were
efficient (Scheme 1b).[*% However, there was still no
report on the highly enantioselective epoxidation of
trisubstituted enynes with electron-deficient groups.
In this regard, a suitable oxidant and catalyst should

be established to furnish a highly chemoselective
epoxidation of the functionalized enynes.*!

Chiral N,N'-dioxides developed by our group, can
coordinate with various metal salts to form the
complexes, which have been proved to be efficient in
a number of asymmetric transformations.'? As an
ongoing work in the epoxidation reaction,!*®! here we
developed a highly efficient asymmetric epoxidation
of electron-deficient enynes with a low catalyst
loading to 0.5 mol%, giving a variety of trisubstituted
alkynyl oxiranes in high vyields (90-97%) and
excellent enantioselectivities (95-99% ee) (Scheme
1c).

Previous work
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This work
R R® R R3
~ FZ sclyN, N-dioxide 0 Z
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R3 = Aryl, Alkyl, TMS
A variety of trisubstituted alkynyl oxiranes
High yields and enantioselectivities (90-97% yields, 95-99% ee)
Low catalyst loading (0.25-2 mol%)
Mild conditions

Scheme 1. Direct asymmetric epoxidation of
conjugated enynes.

In the beginning, the enyne laa was chosen as the
model substrate and aqueous hydrogen peroxide as
the oxidant to optimize the reaction conditions.
Initially, a series of metal salts complexing with
chiral N,N'-dioxide L-PrPr; was explored. Many
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metal complexes, such as the Zn(OTf), or Mg(OTf),
complex, could not promote the reaction (Table 1,
entries 1 and 2). Fortunately, lanthanide metals,

Table 1. Optimization of the reaction conditions.[®

Ph

Ph |
AN +

Ligands-metal salts

10.1002/adsc.201700555

Tb(OTf)s and Sc(OTf)s could give high
enantioselectivity though the yield was low. Since

H20, (1:1, 10 mol%) Ph 0
o Ph (30% aq.)  Tetrahydrofuran, 35 °C %
Ph
1aa 2 3aa
n
+N +
RY
O§\~ -__O\/\\ O‘ o
Nw - N, —N
Ar/ H H \Ar

L-PrPry: Ar = 2,6-iPr,CgHz, n =1
L-PiPr;: Ar = 2,6-iPr,CgHj, n =2
L-PiMe,: Ar = 2,6-Me,CgHz, n =2
L-PiEty: Ar = 2,6-Et,CgH3, n =2
L-PiPr;: Ar = 2,4,6-iPr3CgHp, n = 2

L-RaPr,: Ar = 2,6-iPr,CeHj

Entry Metal salts Ligand Yield [%]®! ee [%]
1 Zn(OTH), L-PrPr: n.r. [ -
2 Mg(OTf), L-PrPr2 n.r. -
3 Tb(OTf)s L-PrPr; 35 92
4 Sc(OTH)s L-PrPr; 36 94
5 Sc(OTH)s L-PiPr> 95 99
6 Sc(0Tf); L-RaPr2 61 98
7 Sc(OTf)s L-PiMez 88 97
8 Sc(OTf)s L-PiEt 93 98
9 Sc(OTH)s L-PiPrs 90 99
101 Sc(OTH)s L-PiPr» 95 99
iy Sc(OTH)s L-PiPr, 88 99

[a] Unless otherwise noted, all the reactions were carried out with ligand/metal salts (1:1, 10 mol%), 1aa (0.1 mmol), 2
(0.3 mmol) in THF (Tetrahydrofuran, 0.5 mL) at 35 °C for 16 h.

[b] Isolated yield.
[c] Determined by chiral HPLC analysis.
[d] No reaction.

[e] The reactions were carried out with L-PiPr2/metal salts (1:1, 0.5 mol%), 1aa (0.6 mmol), 2 (1.8 mmol) in THF (1.0

mL) at 35 °C for 48 h.

[f] 0.25 mol% catalyst was used and the concentration of 1aa was 0.8 M.

Sc(OTf)s gave a little higher yield and ee, we next
chose Sc(OTf); to explore chiral N,N'-dioxide ligands.
It was found that the bulky amide subunits of the
ligands have a great influence on the reactivity and
enantioselectivity of the reaction. Both (S)-pipecolic
acid derived L-PiPr, and (L)-ramipril derived L-
RaPr- could give the better results. Especially, (S)-
pipecolic acid derived L-PiPr; improved the activity
sharply, offering the product in 95% vyield after 16 h.
Meanwhile, the enantioselectivity was also increased
to 99% ee (Table 1, entries 4-6). The substituent at
the amide moiety of the ligands was also investigated
showing that the yield would decrease gradually as
the steric hindrance was reduced (Table 1, entries 7-
9). To our delight, the catalyst loading could be
reduced to 0.5 mol%, and the same yield and ee value
were maintained when the concentration of laa was

increased to 0.6 M and prolonging the reaction time
to 48 h (Table 1, entry 10). When the catayst loading
was further decreased to 0.25 mol%, the optical
active product could be still obtained albeit in a little
lower yield by increasing the concentration of
substrate to 0.8 M (Table 1, entry 11).

With the optimal conditions established (Table 1,
entry 10), the substrate scope was investigated. As
shown in Table 2, a variety of electron-deficient
enynes were tolerated. The reactivities and
enantioselectivities were influenced little by different
substituents at the aromatic ring (Table 2, entries 1-4).
When the substituent at aromatic ring R? was varied,
the electronic and steric effect have no significant
effect (Table 2 entries 5-12). When R? was
trimethylsilyl group, the high yield and ee value were
obtained (Table 2 entrie 13). If it was replaced by the

This article is protected by copyright. All rights reserved.
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cyclopropyl or propyl groups, lower yields could be  mol% (90% yields, 99% ee; Table 2, entries 14 and
overcomed by increasing the catalyst loading to 2  15). Besides, whether R?, R® were alkyl or phenyl

Table 2. Substrate scope of electron-deficient enynes of the asymmetric epoxidation.[

R' R!
0 % R2+ (30% aq.) Tetr(ahydrofuran, 3)5 °C - o % R2
1 2 3
Entry R? R? R® Yield [%]™ ee [%]C
1 Ph Ph Ph 95 (3aa) 99
2 4-CICeH4 Ph Ph 96 (3ab) 98
3 4-BrCeH, Ph Ph 93 (3ac) 99
4 4-MeCsH4 Ph Ph 96 (3ad) 99
5 Ph 2-FCgH4 Ph 97 (3ba) 99
6 Ph 3-FCeHa Ph 93 (3bb) 99
7 Ph 4-FCgHq Ph 93 (3bc) 99
8 Ph 4-CICeHa Ph 95 (3bd) 99
9 Ph 4-BrCeHs Ph 96 (3be) 99
10 Ph 4-MeCgHs Ph 97 (3bf) 98
11 Ph 3-MeCisHs Ph 94 (3bg) 99
12 Ph 4-BuCeH, Ph 97 (3bh) 99
13 Ph T™S Ph 96 (3bi) 98
14 Ph Cyclopropyl Ph 90 (3bj) 98
150 Ph Propyl Ph 90 (3bk) 99
16l Ph Ph Me 93 (3ca) 97
171 Ph Ph "Bu 95 (3ch) 96
18ld Ph TMS Me 94 (3cc) 99
191 Ph TMS "Bu 95 (3cc) 99
20 Ph Ph 4-'BuCsH,4 93 (3da) 99
21 Ph Ph 3-CICsH, 97 (3db) 99
220 Propyl Ph Me 96 (4aa) 95

[a] Unless otherwise noted, all the reactions were carried out with L-PiPr2/Sc(OTf)s (1:1, 0.5 mol%), 1 (0.6 mmol), 2 (1.8
mmol) in THF (Tetrahydrofuran, 1.0 mL) at 35 “C for 48 h.

[b] Isolated yield.

[c] Determined by chiral HPLC analysis.

[d] The reactions were carried out with L-PiPr2/Sc(OTf); (1:1, 2 mol%), 1 (0.3 mmol), 2 (0.9 mmol) in THF (0.5 mL) at
35 °C for 48 h.

2 Ph Ph enantioselectivities (Table 2, entries 16-22). Finally,

on o L Mo icsmon phj‘fo\ The absolute configuration of the 4-bromo-

8 Nqys  (0%aq) Tetrahydrofuran, 35 °C TN substituted product 3ac was determined to be (2S, 3R)
" , . by X-ray crystallographic analysis.!*!

5.60 mmo 160 mL 1.74 g, 5.43 mmol To show the synthetic utility of the method, a

867 yield, 86% ee gram-scale synthesis of 3bj was performed. As

shown in Scheme 2a, in the presence of 0.5 mol%

. oo, F’ .. catalyst, 560 mmol of the enyne substrate 1bj

7\)<\ o =~ W transformed to the corresponding product 3bj in 96%

Do, yield (1.74 g) with 98% ee. Meanwhile, the

abi trimethylsilyl group of the product 3bj could be

08% ce 93% yield, 98% ee saw v, 9% e €ASIly deprotected to transform into 4bj in 93% vyield

with 98% ee (Scheme 2b) Moreover, 4bj could

readily undergo a cycloaddition with N-hydroxyl

Scheme 2. Gram-scale version and the derivatives. benzimidoyl chloride to give the product
isoxazolidine 6bj (88% yield, 99% ee, Scheme 2b).

In order to gain an insight into the roles of alkynyl

groups, all the reactions could give the products in  group in the reaction, control experiments were

high yields (90-97%) with excellent  performed (Scheme 3). Firstly, the competition

3
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reaction of benzylideneacetone 6 and enyne substrate
3c was conducted under standard conditions. The
optical active alkynyl oxirane product 3cc was
obtained in excellent yield and ee value, and trace
amount of the epoxidation product 7 was detected
(Scheme 3a). Subsequently, another competition
experiment between enyne 3c and 1,3-dione substrate
8 was performed. Still, only the epoxidation product
of enyne 3c was obtained (Scheme 3b). It indicated
that alkynyl groups might make the substrates more
reactive, not only featuring an electron-withdrawing
moiety.!> 161 On the basis of the control experiments,

0 ™S o
) 4
Me’ | + Me’ | + H20,
30% a
Ph Ph (80% aa)

3¢ (0.3 mmol) 6 (0.3 mmol) 2

3c (0.3 mmol) 8 (0.3 mmol)

Scheme 3. The control experiments.

H

o
Ph
H\O

N
R1\) \(|3 o,..,.,\ll
0-q[fSc——03
HN\/ Ph \‘\/ >, NiH

R' = 4-BrCgH,

Re-face attack

3ac (2S,3R)

L-PiPr,/Sc(OTf);
(1 1,2 mol%)

Te!rahydrofuran 35°C

L-PiPr,/Sc(0OTf)3
(1 1, 2 mol%)

b) Me H20,
(30% aq.) Tetrahydrofuran 35°C

10.1002/adsc.201700555

the X-ray structure of the product 3ac and the
previous work, a possible catalytic model was
proposed to elucidate the origin of the
stereoselectivity. As outlined in Figure 2, the enyne
substrate coordinated to the scandium complex in a
bidentate fashion. The Si face of the enyne lac was
shielded by the nearby isopropylphenyl group of the
N,N'-dioxide. So the peroxide attacked the B-carbon
atom of the Michael acceptor enyne lac preferably
from the Re face, and the product alkynyl oxirane
was formed.

M - g

7 (trace)

3cc (91% yield, 98% ee)

Ser, A

9 (trace) 3cc (95% yield, 98% ee)

Figure 1. Possible catalytic model and X-ray structure of the product 3ac.

In summary, the asymmetric epoxidation of
electron-deficient enynes was accomplished with
aqueous hydrogen peroxide as oxidant by using a low
catalyst loading of an effective chiral N,N'-dioxide-
scandium(lll) complex catalyst. A variety of
trisubstituted alkynyl oxiranes were obtained in
excellent yields (90-97%) and ee values (95-99%).
Over the control experiments, the alkynyl groups
might make the substrates more reactive through
coordinating to the scandium complex, not only
featuring an electro-withdrawing moiety.

Experimental Section

In an oven-dried reaction tube with a magnetic stirring bar,
Sc#OTf) (0.5 mol%), L-PiPr: (_(r)5 mol%), electron-
deficient enyne laa ( 6 mmol? in THF (Tetrahydrofuran
1.0 mL) were stirred at 35 °C tor 0.5 h at N atmosphere.
Then hydrogen peroxide (170 pL, 1.8 mmol, 30% w/w in
H»0) was added, and the reaction mixture was stirred at 35

°C for 48 h. The reaction mixture was directly purified by
flash column chromatography (ethyl acetate/petroleum
ether = 1/30) to afford the desired product. The
enantiomeric excess was determined by chiral HPLC and
the product propargyl oxirane was determined by NMR
analysis.

Acknowledgements

We appreciate the National Natural Science Foundation of China
(Nos. 21432006 and 21572136) for financial support.

References

[1] &) T. Katsuki, K. B. Sharpless, J. Am. Chem. Soc. 1980,
102, 5974; b) R. M. Hanson, K. B. Sharpless, J. Org.
Chem. 1986, 51, 1922; c) K. B. Sharpless, Angew.
Chem. 2002, 114, 2126; Angew. Chem. Int. Ed. 2002,
41, 2024.

This article is protected by copyright. All rights reserved.



Advanced Synthesis & Catalysis 10.1002/adsc.201700555

[2] For reviews, (a) W. Adam, C. R. Saha-Modller, P. A.  [6] a) A. G. Myers, M. Hammond, Y. S. Wu, J. N. Xiang,

Ganeshpure, Chem. Rev. 2001, 101, 3499; (b) B. S.
Lane, K. Burgess, Chem. Rev. 2003, 103, 2457; (c) Y.
A. Shi, Acc. Chem. Res. 2004, 37, 488; (d) D. Yang,
Acc. Chem. Res. 2004, 37, 497; (e) E. M. McGarrigle,
D. G. Gilheany, Chem. Rev. 2005, 105, 1563; (f) Q.-H.
Xia, H.-Q. Ge, C.-P. Ye, Z.-M. Liu, K.-X. Su, Chem.
Rev. 2005, 105, 1603; (g) O. A. Wong, Y. A. Shi, Chem.
Rev. 2008, 108, 3958; (h) K. Gopalaiah, Chem. Rev.
2013, 113, 3248; (i) P. Saisaha, J. W. de Boerb ,W. R.
Browne, Chem. Soc. Rev. 2013, 42, 2059.

[3] For selected examples of asymmetric catalytic

epoxidation reactions using different catalysts, see: a) H.
Q. Tian, X. G. She, Y. A. Shi; Org. Lett. 2001, 3, 715; b)
Y. Tu, Z. X. Wang, Y. A. Shi. J. Am. Chem. Soc. 1996,
118, 9806; c) F.Y. Zhang, E. J. Corey, Org. Lett. 1999,
1, 1287; d) O. Cusso, M. Cianfanelli, X. Ribas, R. J. M.
Klein Gebbink, M. Costas, J. Am. Chem. Soc. 2016, 138,
2732; e) D. Y. Shen, C. Saracini, Y. M. Lee, W. Sun, S.
Fukuzumi, W. Nam, J. Am. Chem. Soc. 2016, 138,
15857; f) Y. Nishikawa, H. Yamamoto, J. Am. Chem.
Soc. 2011, 133, 8432; g) K. Matsumoto, Y. Sawada, B.
Saito, K. Sakai, T. Katsuki, Angew. Chem. 2005, 117,
5015; Angew. Chem. Int. Ed. 2005, 44, 4935; h) K.
Nakata, T. Takeda, J. Mihara, T. Hamada, R. Irie, T.
Katsuki, Chem. Eur. J. 2001, 7, 3776; i) H. B. Yu, X. F.
Zheng, Z. M. Lin, Q. S. Hu, W. S. Huang, L. Pu, J. Org.
Chem. 1999, 64, 8149; J) Y. W. Li, X. Y. Liu, Y. Q.
Yang, G. Zhao, J. Org. Chem. 2007, 72, 288.

[4] For selected examples of asymmetric catalytic

epoxidation reactions using H>O, as oxidant, see: a) G.
D. Faveri, G. llyashenko M. Watkinson, Chem. Soc.
Rev. 2011, 40, 1722; b) O. Cusso, 1. Garcia-Bosch, X.
Ribas, J. Lloret-Fillol, M. Costas, J. Am. Chem. Soc.
2013, 135, 14871; ¢) C. Wang, H. Yamamoto, J. Am.
Chem. Soc. 2014, 136, 1222; d) O. Cusso, M,
Cianfanelli, X, Ribas, R. J. M. Klein Gebbink, M.
Costas, J. Am. Chem. Soc. 2016, 138, 2732; €) O Cusso,
I. Garcia-Bosch, D. Font, X. Ribas, J. Lloret-Fillol, M.
Costas, Org. Lett. 2013, 15, 6158; f) O. Cusso, I.
Garcia-Bosch, X. Ribas, J. Lloret-Fillol, M. Costas, J.
Am. Chem. Soc. 2013, 135, 14871; g) B. Wang, S. F.
Wang, C. G. Xia, W. Sun, Chem. Eur. J. 2012, 18, 7332;
h) H. Kawai, S. Okusu, Z. Yuan, E. Tokunaga, A.
Yamano, M. Shiro, N. Shibata, Angew. Chem. 2013,
125, 2277; Angew. Chem. Int. Ed. 2013, 52, 2221; i) J.
L. Olivares-Romero, Z. Li, H. Yamamoto, J. Am. Chem.
Soc. 2013, 135, 3411; j) S. Wu, D. Pan, C. Cao, Q.
Wang, F. X. Chen, Adv. Synth. Catal. 2013, 355, 1917.

[5] For selected examples of asymmetric catalytic

epoxidation reactions using other oxidants, see: a) M.
Wu, B. Wang, S. F. Wang, C. G. Xia, W. Sun, Org. Lett.
2009, 11, 3622; b) T. Ooi, D. Ohara, M. Tamura, K.
Maruoka, J. Am. Chem. Soc. 2004, 126, 6844; c) M.
Christina White, A. G. Doyle, E. N. Jacobsen, J. Am.
Chem. Soc. 2001, 123, 7194; d) X. J. Lu, Y. Liu, B. F.
Sun, B. Cindric, L. Deng, J. Am. Chem. Soc. 2008, 130,
8134; e) D. Yang, M. K. Wong, Y. C. Yip, X. C. Wang,
M. W. Tang, J. H. Zheng, K. K. Cheung, J. Am. Chem.
Soc. 1998, 120, 5943.

[12] For  recent

P. M. Harrington, E. Y. Kuo, J. Am. Chem. Soc. 1996,
118, 10006; b) D. R. Hookins, A. R. Burns, R. J. K.
Taylor, Eur. J. Org. Chem. 2011, 3, 451.

[7] For selected derivatives of alkynyl oxiranes. see: a) M.

A. McGowan, C. P. Stevenson, M. A. Schiffler, E. N.
Jacobsen, Angew. Chem. 2010, 122, 6283; Angew.
Chem. Int. Ed. 2010, 49, 6147; b) T. Sun, C. Deutsch, N.
Krause, Org. Biomol. Chem. 2012, 10, 5965; c) G. A.
Guerrero-Vasquez, N. Chinchilla, J. M. G. Molinillo, F.
A. Macias, J. Nat. Prod. 2014, 77, 2029; d) R. Yan, C.
C. Bian, X. M. Yu, Org. Lett. 2014, 16, 3280; e) D.
Herkommer, S. Thiede, P. R. Wosniok, S. Dreisigacker,
M. Q. Tian, T. Debnar, H. Irschik, D. Menche, J. Am.
Chem. Soc. 2015, 137, 4086; f) K. Ochiai, S.
Kuppusamy, Y. Yasui, K. Harada, N. R. Gupta, Y.
Takahashi, T. Kubota, J. Kobayashi, Y. Hayashi, Chem.
Eur. J. 2016, 22, 3287; g) H. Lechuga-Eduardo, M.
Romero-Ortega, H. F. Olivo, Eur. J. Org. Chem. 2016,
5,51; h) T. Wang, J. L. Zhang, Chem. Eur. J.2011, 17,
86; i) T. Wang, C. H. Wang, J. L. Zhang, Chem.
Commun. 2011, 47, 5578; j) T. Wang, S. Shi, M. H.
Vilhelmsen. T. Zhang, M. Rudolph, F. Rominger, A. S.
K. Hashmi, Chem. Eur. J. 2013, 19, 12512.

[8] For selected strategies of preparation of the chiral

alkynyl oxiranes a) T. Schubert, W. Hummel, M.
Miiller, Angew. Chem. 2002, 114, 656; Angew. Chem.
Int. Ed. 2002, 41, 4; b) R. Sanchez-Obregon, B. Ortiz, F.
Walls, F. Yuste, J. L. G. Ruano, Tetrahedron:
Asymmetry 1999, 10, 947; c) M. Shimizu, T. Fujimoto,
H. Minezaki, T. Hata, T. Hiyama, J. Am. Chem. Soc.
2001, 123, 6947; d) R. Zhang, W. Y. Yu, K. Y. Wong,
C. M. Che; J. Org. Chem. 2001, 66, 8145; e) J. L.
Zhang, Y. L. Liu, C. M. Che; Chem. Commun. 2002, 23,
2906; €) Lee, N. H.; Jacobsen, E. N. Tetrahedron Lett.
1991, 32, 6533.

[91a) G. A. Cao, Z. X. Wang, Y. Tu, Y. A. Shi,

Tetrahedron Lett. 1998, 39, 4425; b) Z. X. Wang, G. A.
Cao, Y. A. Shi, J. Org. Chem. 1999, 64, 7646; c) C. P.
Burke, Y. A. Shi, J. Org. Chem. 2007, 72, 4093.

[10] For selected examples of asymmetric epoxidation of

enynes catalyzed by chiral salen-metals complexes
using H2O- as oxidant, see: a) D. L. Xiong, M. Wu, S. F.
Wang, F. W. Li, C. G. Xia, W. Sun, Tetrahedron:
Asymmetry 2010, 21 374; b) D. L. Xiong, X. X. Hu, S.
F. Wang, C. X. Miao, C. G. Xia, W. Sun, Eur. J. Org.
Chem. 2011, 23, 4289; c¢) H. Shitama, T. Katsuki,
Tetrahedron Lett. 2006, 47, 3203; d) K. Matsumoto, Y.
Sawada, B. Saito, K. Sakai, T. Katsuki, Angew. Chem.
2005, 117, 5015; Angew. Chem. Int. Ed. 2005, 44, 4935;
e) Y. Sawada, K. Matsumoto, S. Kondo, H. Watanabe,
T. Ozawa, K. Suzuki, B. Saito, T. Katsuki, Angew.
Chem. 2006, 118, 3558; Angew. Chem. Int. Ed. 2006,
45, 3478.

[11] R. W. Murray, M. Singh, J. Org. Chem. 1993, 58,

5076.

examples of  N,N'-dioxides-metal
complexes, see: a) Y. Xia, L. L. Lin, F. Z. Chang, Y. T.
Liao, X. H. Liu, X. M. Feng, Angew. Chem. 2016, 128,

This article is protected by copyright. All rights reserved.



Advanced Synthesis & Catalysis 10.1002/adsc.201700555

12416; Angew. Chem. Int. Ed. 2016, 55, 12228; b) J. Li,
L. L. Lin, B. W. Hu, X. J. Lian, G. Wang. X. H. Liu, X.
M. Feng, Angew. Chem. 2016, 128, 6179; Angew. Chem.
Int. Ed. 2016, 55, 6075; ¢) Q. Yao, Y. T. Liao, L. L. Lin,
X. B. Lin, J. Ji, X. H. Liu, X. M. Feng, Angew. Chem.
2016, 128, 1891; Angew. Chem. Int. Ed. 2016, 55, 1859;
d) Y. L. Xu, Y. T. Liao, L. L. Lin, Y. H. Zhou, J. Li, X.
H. Liu, X. M. Feng, ACS Catal. 2016, 6, 589; €) Y. T.
Liao, X. H. Liu, Y. Zhang, Y. L. Xu, Y. Xia, L. L. Lin,
X. M. Feng, Chem. Sci. 2016, 7, 3775; f) Y. Zhang, Y.
T. Liao, X. H. Liu, Q. Yao, Y. H. Zhou, L. L. Lin, X. M.
Feng, Chem. Eur. J. 2016, 22, 15119.

[13] @) Y. Y. Chu, X.Y.Hao, L. L. Lin, W. L. Chen, W.
Li, F. Tan, X. H. Liu, X. M. Feng, Chem. Sci. 2012, 3,
1996; b) Y. Y. Chu, X. H. Liu, W. Li, X. L. Hu, L. L.
Lin, X. M. Feng, Adv. Synth. Catal. 2014, 356, 2214.

[14] CCDC 1520378 (3ac) contains the supplementary
crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge
Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

[15] a) W. B. Li, Y. J. X, J. L. Zhang, Adv. Synth. Catal.
2009, 351, 3083; b) For one example of the effect of
alkyne, see: E. Fager-Jokela, M. Muuronen, H.
Khaizourane, A. Vazquez-Romero, X. Verdaguer, A.
Riera, J. Helaja, J. Org. Chem. 2014, 79, 10999.

[16] &) Y. Bai, J. Fang, J. Ren, Z. W. Wang, Chem. Eur. J.
2009, 15, 8975; b) C. Zhang, M. Y. Xu, J. Ren, Z. W.
Wang, Eur. J. Org. Chem. 2016, 14, 2467; c) S. R.
Pathipati, A. van der Werf, L. Eriksson, N. Selander,
Angew. Chem. 2016, 128, 12042; Angew. Chem. Int. Ed.
2016, 55, 11863; d) Y. Bai, W. J. Tao, J. Ren, Z. W.
Wang, Angew. Chem. 2012, 124, 4188; Angew. Chem.
Int. Ed. 2012, 51, 4112.

This article is protected by copyright. All rights reserved.



Advanced Synthesis & Catalysis 10.1002/adsc.201700555

UPDATE

Catalytic Asymmetric Epoxidation of Electron-
Deficient Enynes Promoted by Chiral N,N'-
Dioxide-Scandium(l11)-Complex
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R R3 R’
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